Abstract-The difficulty of focusing high-resolution highly squinted SAR data comes from the serious azimuth-range coupling, which needs to be compensated in the procedure of imaging. Generally, the linear range walk correction (LRWC) can reduce the coupling effectively, however, it also induces the problem of azimuth-dependence of residual range cell migration (RCM) and quadratic phase. A novel algorithm is proposed to solve this problem in this paper. In this algorithm, the azimuth nonlinear chirp scaling (ANCS) operation is used, which can not only eliminate the azimuth space variation of residual RCM and frequency modulation (FM) rate but also remove the azimuth misregistration. In addition, the range chirp scaling operation is applied to correct the range-dependent RCM. After implementing the unified RCM correction, range compression and azimuth compression sequentially, the focused SAR image is acquired finally. The experimental results with simulated data demonstrate that the proposed algorithm outperforms the existing algorithms.
INTRODUCTION
SAR (synthetic aperture radar) [1, 2] can provide high resolution images of remote region at all times and in all weather conditions, which makes it widely applied in military fields such as missile guidance and civil fields such as landform observation. In general, SAR works in broadside mode, i.e., the antenna beam is pointed perpendicularly to the flight path of the platform. However, missile-borne SAR should work in squint mode [3] to acquire target information in front of the platform, and squinting may also increase the flexibility with which a desired area on a surface is imaged within a single pass of the platform [4] . However, the processing of SAR echo in squint mode is more difficult than that in the broadside mode and the difficulty mainly comes from higher order range-azimuth coupling terms in the phase of the SAR transfer function [4] [5] [6] . Some algorithms for squint mode SAR involve modified range Doppler algorithm (RDA) [7] , chirp scaling algorithm (CSA) [8] [9] [10] , range migration algorithm (RMA) [11, 12] , and azimuth nonlinear chirp scaling (ANCS) algorithm [13] [14] [15] [16] [17] .
The standard RDA can only process broadside and small squint SAR data, and its interpolation operation is not efficient. When secondary range compression (SRC) is applied, RDA can accommodate moderate squint mode. However, at higher squint the range dependence of SRC becomes significant, and the neglecting of this dependence will make resolution broadened and sidelobe level increased on the edge of the range swath. The CSA is more efficient because the procedure only contains fast Fourier transform and complex multiplication, but the performance of high squint angle is also confined by neglecting the range dependence of SRC. A nonlinear chirp scaling algorithm is proposed in [4] , where the range dependence of SRC is removed by incorporating a small nonlinear frequency modulated (FM) signal into the received range signal. In theory, the RMA is able to process the SAR data collected from any squint angle, but the Stolt interpolation operation in 2-D spectrum domain makes it impractical. In the algorithms mentioned above, SAR data is directly processed in range-Doppler domain or 2-D spectrum domain, so high pulse repetition frequency (PRF) is required to avoid the ambiguity of Doppler frequency. As a result, the high computational burden of these algorithms reduces the imaging efficiency.
In [5] , the LRWC is firstly applied to remove the linear component of the RCM and to reduce the range-azimuth coupling, however, it causes the problem of azimuth focusing depth which will restrict the imaging area. Two methods are available to account for this problem, including the method of subaperture [5] and the method of ANCS. Generally, the method of ANCS is more efficient than the method of subaperture and several algorithms using ANCS are proposed. In [13] and [16] , a cubic phase perturbation function is applied to equalize the FM rates of all targets at the same range gate. However, additional interpolation is required to eliminate the image misregistration. A modified ANCS operation is adopted in [15] , and the image with better accuracy and little misregistration is obtained. However, it should divide the whole range swath into blocks satisfying that in each block the residual RCM is approximately range independent. As a result, the computational complexity increases. In [14] , the residual RCMC is firstly implemented, however, the azimuth-dependence of RCM is neglected, thus leading the lower accuracy of RCMC towards the azimuth edge.
In this paper, the azimuth-dependence and range-dependence of RCM are both considered. After performing the LRWC operation, a third-order azimuth filter and a nonlinear perturbation function are both applied to eliminate the azimuth-dependence of RCM and to equalize the azimuth FM rates in each range gate.
Then, implementing the CS operation in range-Doppler domain removes the range-dependence of RCM, thus facilitating the overall RCMC. The proposed algorithm can not only avoid segment division in range or azimuth direction, but also eliminate the image misregistration.
This paper is organized as follows. Section 2 analyzes the characteristic of signal coupling in 2-D spectrum domain after LRWC. A modified algorithm of ANCS integrated with CS (ANCS-CS) is presented in Section 3. Some simulation results of different methods are compared in Section 4 and we give conclusion in Section 5 finally.
ANALYSIS OF SIGNAL COUPLING
The general geometry relationship of the squint mode SAR is shown in Fig. 1 . The platform travels along its course at an altitude of H with a constant velocity V and the radar transmits and receives pulses with a squint angle of θ 0 . Point O is the position of the platform at slow time zero. Point O is the footprint of O, and the slant distance between them is R 0 . The coordinate of target B is defined by its slant distance R 0 and the distance between B and O , i.e., x. As shown in Fig. 1 , the closest distance of target B is R b . At slow time t, the platform locates at point A after traveling a distance of V t, and the center of the imaging area is P . The instantaneous slant distance of the target B can be obtained by the triangle APB, and it is expressed as
Assuming that the transmitted signal is LFM [18] , with the carrier frequency f c , chirping rate K r , bandwidth B r , then the echo signal after demodulation is given by
where τ is the fast time, λ the wavelength, c the velocity of light, and w r (·) and w a (·) are the range window and azimuth window, respectively. After Taylor expansion, the instantaneous slant distance R(t; R 0 ) can be approximately as [19] 
By substituting (3) into (2) and applying Fourier transform in range direction, the result is
where f r is the range frequency and W r (·) the range frequency window. In (4), the second exponential term is the range FM term, and the last three exponential terms are the LRW term, the quadratic RCM term and the cubic RCM term, respectively. The LRWC function is denoted as
Multiplying (4) with (5) and applying Fourier transform in azimuth direction, the signal in 2-D spectrum domain can be expressed as
where f a is the azimuth frequency, W a (·) the azimuth frequency window, and V = V cos θ 0 . It is obvious that the range-azimuth coupling in 2-D spectrum domain exist in the fourth and fifth exponential term. Let Φ(f r , f a ; R 0 ) denote the summed phases of the last two terms, and it can be expanded into a power series of f r [15] as follows
where
In (7), φ 0 (f a ; R 0 ) is the azimuth modulation term,
r is the term of SRC, and φ 3 (f a ; R 0 )f 3 r denotes the third order range-azimuth coupling term.
To quantificationally analyze the amount of these terms, a simulation is implemented by substituting the maximum value of range frequency and azimuth frequency into them. Considering the fact that the theoretical range resolution is determined by the bandwidth B r and that the area of range frequency is between −B r /2 and B r /2 after signal demodulation if the over sampling rate in the fast time domain is 1. Then, the maximum value of range frequency equals to −c/(4ρ r ), where ρ r denotes the theoretical range resolution. Also, the theoretical azimuth resolution is determined by the Doppler bandwidth B a and that the area of Doppler frequency is between −B a /2 and B a /2 after linear range walk correction if the over sampling rate in the slow time domain is 1. As a result, the maximum value of azimuth frequency equals to −V /(2ρ a ), where ρ a is the theoretical azimuth resolution. In the simulation, ρ r and ρ a is 1 m, the closest distance of the target is 20 km, and the flight velocity of the platform is 1000 m/s. Fig. 2 shows the diagrams for the term SRC and the third order range-azimuth coupling term under various squint angles.
From the quantitative simulation, it is obvious that both coupling terms become more serious as the squint angle increase under the same carrier frequency. The third order coupling term is 3 orders of magnitude smaller than SRC, indicating that the cubic phase is negligible. However, the SRC term should be compensated in highresolution highly squinted SAR imaging, and we can set the coefficient of φ 2 (f a ; R 0 ) at the reference slant range R ref because the rangedependence of SRC is weak.
On the basis of aforementioned analysis, the new type of (6) can be rewritten as 
ANCS INTEGRATED WITH CS ALGORITHM
The LRWC can correct the linear migration of the target effectively. However, there is still some residual RCM which should be compensated in the afterward procedure. In addition, the LRWC also induces the problem of azimuth-dependence of RCM and azimuth quadratic phase. Therefore, the method of ANCS is applied to eliminate the azimuth variation component of residual RCM and azimuth FM rates in each range gate. Then, the CS operation is performed in the range-Doppler domain to remove the rangedependence of residual RCM. After implementing the unified residual RCMC, range compression and azimuth compression, the focused SAR image can be acquired finally. The details are presented as follows.
ANCS Operation
Using the range inverse Fourier transform, the signal in (9) is turned to
The last exponential term in (10) denotes azimuth modulation, which can be expanded into a power series of f a , and the result is
where K a = −2V 2 cos 2 θ 0 λR 0 is the azimuth FM rate at slant range R 0 . From (10) it is observed that the slant range of a target with the coordinate (R 0 , x) will become R 0 + x sin θ 0 , so the targets that have different initial slant ranges may lie in the same range cell. If the azimuth compression is processed with a filter with FM rate K a , the error of the FM rate will lead to azimuth defocusing toward the azimuth edge. This is the problem of focusing depth caused by LRWC. Let R s denote R 0 + V t x sin θ 0 , where t x = x/V . Then the azimuth FM rate K a can be approximated to the linear form of t x as
In (10), the term φ 1 (f a , R 0 )/2π contains the original slant range and the residual RCM of the target, and it can be further represented as
denotes the coefficient of the residual RCM which is relevant to the azimuth frequency. Substituting (11) and (13) into (10) yields
From (14), we can find that the targets in the same range gate have various curves of RCM if they have different original slant ranges. It will cause the error of RCMC toward the edge of azimuth if a unified RCMC is applied in each range gate. Moreover, the third and higher order terms of f a can be compensated by multiplying with their conjugate, so the compensation function is
Multiplying (14) with (15) results
Before employing the ANCS operation, an extra cubic azimuth filter is needed [14] , which can be expressed as
Applying the range Fourier transform and azimuth inverse Fourier transform to the filtered signal yields
A chirp scaling factor with cubic phase is introduced to eliminate the azimuth-dependence of the residual RCM and the azimuthdependence of the FM rate, and the factor can be presented as
After multiplying (19) with (18) and applying the azimuth Fourier transformation, the signal in 2-D spectrum domain can be expressed as
Let Φ(f a ) denote the summation of the last three phases in (20). We can find that Φ(f a ) is relevant to the azimuth position and azimuth modulation of the target, then it can be expanded to a power series of t x and f a as
In (21), the first term is the azimuth-independent modulation, which can be compensated in azimuth compression. The second term denotes the azimuth position of the target. The third term represents the azimuth distortion, which should be eliminated. The fourth term stands the azimuth dependence on the azimuth FM, and the last one refers to the summation of all of the other remained terms which can be neglected in the following processing. The coefficients of these terms are showed as
To eliminate the azimuth distortion and azimuth dependence on azimuth FM, the coefficients C(q 2 , q 3 , Y 3 ) and D(q 2 , q 3 , Y 3 ) should be set to zero. Moreover, we usually set B(q 2 , q 3 , Y 3 ) to −2π/β, where β = 1 is a constant. Therefore, three equations are presented as
The parameters in (17) and (19) can be acquired from (23), showing as
By substituting (24) into (20), we can obtain the simplified signal as
After range Fourier transformation, the signal in range-Doppler domain is shown as
Inspecting Equation (26), we can find that the azimuth FM rate has been regulated to a fixed constant, which is independent of the azimuth position. Therefore, the operation of azimuth compression can be easily implemented with a fixed filter function. In addition, the azimuth distortion as well as the azimuth-dependence of the residual RCM has been eliminated. In order to facilitate the correction of the residual RCM, the range-dependence of the RCM should also be removed. And the details are presented in the next section.
CS Operation in Range Direction
The principle of CS is applied to deal with the range dependence of the residual RCM, and the chirp scaling factor is employed by
After multiplying (26) with (27), the signal in range-Doppler domain can be written as
After the range Fourier transformation, the signal can be expressed as
Therefore, a filter that performs range compression and RCMC is obtained
Multiply (30) with (31) and perform range inverse Fourier transformation, the range-compressed signal is expressed as follows
Azimuth Compression
On the basis of ANCS operation, range CS operation, and unified RCMC, the residual RCM has been completely removed. Also, the dependence of azimuth modulation is eliminated. Then the azimuth compress function can be easily acquired as below.
The last exponential term in (32) is the residual phase caused by CS operation, and the function for the phase compensation is presented as
After azimuth compression, residual phase compensation and azimuth inverse Fourier transformation, the final focused SAR image can be obtained as
From (35), we can find that the focused position of the target is (R 0 +x sin θ 0 , x/β), which is offset from the actual position (R 0 , x). The geometrical distortion comes from the LRWC and ANCS operation, and the method to correct this distortion is illuminated in [15] .
Above all, the flow diagram of the proposed algorithm is shown in Fig. 3 . 
SIMULATION RESULTS
In this section, simulated results are provided to demonstrate the performance of the proposed algorithm. The simulation parameters are listed in Table 1 and the targets geometry is shown in Fig. 4 . In this imaging plane, targets 1-5 are laid out along the direction of beam center with a distance interval of 500 meter, and the echo signal of these targets have the same azimuth time. In addition, the slant distance of target 3 is selected as the reference range, and targets 6-9 as well as target 3 locate in the perpendicularity direction of slant range, and the distance interval is 250 meter. Then the echo signal of these five targets will have the same slant range after the operation of LRWC. Two simulations are carried out to prove the effectiveness of the proposed algorithm from two aspects and the chirp scaling factor β is set to 1.1.
In the first simulation, three algorithms, i.e., NLCS algorithm [13] , ENLCS algorithm [15] and the proposed algorithm are applied respectively. To further evaluate the performance of the proposed algorithm, the measured parameters including spatial resolution, peak sidelobe ratio (PSLR), and integrated sidelobe ratio (ISLR) are calculated, and the results are listed in Table 2 . Observing Table 2 , we can find that the measured parameters corresponding to the NLCS algorithm and the ENLCS algorithm become worse when the target is far from the reference range. However, nearly theoretical parameters are obtained by the proposed algorithm and the parameters keep unchangeable along the range direction. In another simulation, the results obtained by the RD algorithm [7] , the ANCS-based CS algorithm [14] and the proposed algorithm are compared in Fig. 6 . The upper images in Fig. 6 are obtained by traditional RDA. Since the azimuth compression is performed by a unified filter, only the target at the center of the imaging scene (i.e., target 3) is well focused. As the target's distance from the scene center increases, the focusing quality degrades quickly due to the mismatching of the azimuth FM rate. The middle images are obtained by the ANCS-based CS algorithm. We can find that the phenomenon of azimuth defocusing is avoided by the operation of ANCS. However, the residual RCM is not completely corrected for calculated, and the results are listed in Table 3 . From Table 3 , it is found that the range parameters corresponding to different algorithms are approximately similar, however, the azimuth parameters various largely. For the traditional RDA, the azimuth parameters become worse as the relative distance of the target increases. Although the performance of the ANCS-based CSA improves much when compared with the traditional RDA, there is still a bit worsening in the azimuth direction. In contrast, the proposed algorithm obtains the theoretical spatial resolution, PSLR, and ISLR. 
CONCLUSION
For highly squinted and high resolution SAR imaging, there is serous azimuth-range coupling to be compensated. In this paper, the detailed derivation of a new ANCS algorithm and numerical simulations are presented. In the algorithm, the operation of LRWC is first performed to mitigate the signal coupling. Then, the ANCS operation is applied to eliminate the azimuth-dependence of residual RCM and FM rate. And the range chirp scaling is performed to correct the rangedependent RCM afterward. After unified RCMC, range compression and azimuth compression, the focused image is achieved, avoiding the operation of interpolation to correct azimuth misregistration. In the last, some simulation results prove the effectiveness of the proposed algorithm.
